The leguminous tree species Dipteryx odorata (Aubl.) Willd. and Inga edulis Mart. were grown in the field to reforest a degraded area. To investigate the photosynthetic responses and the initial growth of Amazonian forest species under fertilization, the study species were subjected to dif- 
Introduction
Concern about the need to restore degraded ecosystems in the Amazon rainforest has increased in recent years. Currently, 20% of the cover of the Brazilian Amazon forest has been altered [1] . The situation found in these areas differs from that of the original ecosystem, and the current environmental conditions are generally unfavorable for the development of native species [2] - [4] as biotic and abiotic stresses are relatively intense and frequent [5] . In degraded areas, the availability of water and nutrients is greatly reduced [6] , and excessive irradiance, if not efficiently used or dispersed, can cause severe damage to the photosynthetic machinery of the species present [7] . Physiological stress factors, such as drought, high irradiance and low nutrient availability, are frequently responsible for decreased photosynthesis and the resulting decrease in growth [8] - [11] .
Nutrient limitation in the soil can also compromise the growth of plant species because nutrients such as N, P, K, Ca and Mg perform vital functions related to the process of photosynthesis and the maintenance of the plants' water homeostasis [12] [13] . An adequate supply of nutrients can also promote improved rates of photosynthesis and facilitate the growth of plants in additional ways [6] . Certain nutrients, such as K, Ca and Mg, may also promote tolerance to abiotic stresses [9] [12] .
Rapid growth and high shoot biomass production are fundamental traits needed by species to achieve success in a forest plantation whose purpose is ecological restoration [4] . Therefore, the use of leguminous woody species for ecological restoration is highly recommended because many of them are pioneer and initial secondary species and have been successfully used for the revegetation of arid and nutrient-deficient ecosystems. The greater competitive ability of leguminous species in sites with low resource levels can be attributed, in part, to their ability to form symbioses with N-fixing bacteria [14] .
The study of physiological parameters (gas exchange, chlorophyll a fluorescence and pigment content) in field experiments can be used to understand the functioning of ecosystems and species, and the ways in which factors interact with each other [13] . This knowledge can help us to develop effective restoration strategies that consider the quality of the habitat relative to the performance of each individual. However, these parameters have rarely been used in the field of ecological restoration, particularly for forest species in the tropics [15] . Chlorophyll a fluorescence and pigment content analysis may be good indicators of physiological stress in plants under high irradiance [7] [16]- [18] and can be used to evaluate the acclimation capacity of species in degraded areas [3] [4] [19] .
Dipteryx odorata (Aubl.) Willd. and Inga edulis Mart. are native to the study region and are usually used in forest plantations for timber or to reclaim soil fertility [20] [21]. We tested the hypothesis that the photosynthetic structure and function of these species would be improved by a combination of fertilization treatments rather than by individual applications of treatments, e.g., Ferreira et al. [19] . Thus, the aim of the present work was to investigate the influence of various fertilization treatments on the growth and photosynthetic responses (gas exchange, chlorophyll a fluorescence and contents of chlorophylls and carotenoids) of two leguminous tree species in a field experiment for the reforestation of a degraded area.
Materials and Methods

Study Site and Planting
The study was conducted in a degraded area near the Balbina hydroelectric dam (01˚55'99"S and 59˚24'65"W) in the county of Presidente Figueiredo, AM. This area was degraded at the time of the dam construction. The regional vegetation is characterized as "non-flooded dense forest". According to the Köppen climate classification system, the climate of the region is Af (tropical humid), with a mean annual temperature above 25˚C and an annual precipitation of 2280 mm. Relatively less rain falls between July and September (<100 mm•month −1 ). The most common soil in the region is a yellow oxisol with high acidity and low natural fertility [22] . The forest cover in the area has been completely removed, but the top soil was left in place. After 25 years of abandonment, several vegetation islands have appeared as a result of natural regeneration, but most of the area still lacks vegetation cover. The natural regeneration present in the area is dominated by the species Vismia spp., Bellucia sp.,
Cecropia sciadophylla and Byrsonima crassifolia.
The experiment was initiated in December 2010, at the beginning of the season of relatively high precipitation. The preparation of the site began with manually excavating 30 × 30 × 40 cm holes for tree planting. Fifty grams of lime and 150 g of the chemical fertilizer Fosmag ® (4% N, 14% P, 7% K, 11.5% Ca, 2.7% Mg, 10.4% S, 0.07% B, 0.59% Zn and 0.15% Cu) were then incorporated in all fertilization treatments except for T1. The spacing of the planted seedlings was 2 × 2 m. Seedlings were selected from the greenhouse based on the criteria of uniform size and health of individuals within the same species (35 cm height for D. odorata and 40 cm for I. edulis). The following fertilization treatments were used: T1) unfertilized-control, T2) chemical fertilization with 150 g of Fosmag ® (the same formulation specified above) and 50 g of lime, T3) green fertilization with branches and leaves from the surrounding secondary forest and T4) both chemical and green fertilizer applied together. The chemical fertilization treatments (T2 and T4) received 2 applications performed 4 months and 8 months after planting and applied in an area 50 cm in diameter around the seedlings. The treatments with green fertilization (T3 and T4) also received 2 applications: one at the moment of planting, with 12 
Survival and Growth Analysis
Establishment of the species was determined by the percentage of live plants 10 months after planting. The growth of the species was evaluated by determining the absolute growth rates (AGR) of dimensions such as height and diameter. The stem length (SL) and diameter at ground level (DGL) data were collected in two stages with five replicates per treatment (n = 5). The first measurement occurred in January 2011, and the second was performed 10 months after the first. The absolute growth rates in height (AGR-h) and diameter (AGR-d) were determined as in Hunt [23] . CO 2 and water-vapor exchanges were measured between 8:00 and 11:00 h in 5 selected plants per treatment 10 months after the plantings. A fully expanded healthy leaf that was also exposed to the sun was selected on each plant. The net photosynthetic rate (P n ), dark respiration (R d ), transpiration rate (E) and stomatal conductance (g s ) were measured using a portable open CO 2 and water-vapor exchange system with an infrared gas analyzer (Portable Photosynthesis SystemLI-6400, LI-COR Inc., Lincoln, NE, USA) as described by Santos Junior et al. [4] . Each measurement for the above parameters was determined based on photosynthetic photon-flux densities (PPFD) of 0 and 1000 μmol•m −2
•s −1 , with the foliar chamber adjusted for a CO 2 concentration, temperature and water-vapor concentration of 380 ± 4 μmol•mol -1 , 31˚C ± 1˚C and 21 ± 1 mmol•mol -1 , respectively.
Determination of the Chloroplast Pigments
Following the CO 2 and water-vapor exchange readings, the same leaves were collected for Chl and carotenoid (Car) pigment analysis. These analyses were performed using 0.1 g of fresh material ground in 10 ml of 80% acetone and magnesium carbonate (MgCO 3 ) with 10 ml of 100% acetone added immediately following the initial grinding step. The suspension was filtered, and the absorbance was read at 663 nm (Chla), 645 nm (Chlb) and 480 nm (Car) using a spectrophotometer (Ultrospec 2100 pro UV/visible, Amersham Biosciences, Cambridge, UK) [24] . Chlorophyll a fluorescence was measured with a portable fluorometer (Handy PEA, Hansatech, Norfolk, UK) on the same individuals and leaves used for the gas-exchange measurements in each treatment. The completely expanded and healthy leaves selected were adapted to a dark period of 30 min, sufficient for the complete oxidation of the photosynthetic electron-transport system. The adaxial leaf side was then exposed to a 1 s excitation pulse of high irradiance (3,000 μmol•m ) with a wavelength of 650 nm. The measurements were conducted between 9:00 and 12:00 h. A performance index (PI ABS ), which combines the parameters of energy conservation from photons absorbed by the photosystem II antenna and the reduction of Q B , was calculated based on absorption (PI ABS ), as described by Srivastava et al. [25] and Gonçalves & Santos Junior [3] .
Experimental Design and Statistical Analysis
The experimental design consisted of randomized blocks with 5 repetitions (n = 5). The 8 treatments involved a combination of 2 factors (4 fertilization treatments and 2 species). The data were analyzed using a two-way ANOVA, and the means were separated based on Duncan's test (p < 0.05) with the statistical program STATISTICA 7.0 (StatSoft Inc., Tulsa, OK, USA).
Results and Discussion
Survival and Growth Analysis
D. odorata showed 100% survival in all fertilization treatments, where as I. edulis showed 100% survival in T1 and T2, 94% in T3 and 83% in T4 ( Table 1) .
The survival of seedlings in the field is related to the capacity of the species to resist the stress factors in a degraded area. This survival capacity determines the success of a forest plantation for both commercial and ecological restoration purposes [4] [26] . The high survival rates of the species in this experiment can be explained, in part, by factors such as: a) the time of data collection, as older plantings are subject to higher mortality rates [2] [27]; and b) the planting period (the beginning of the rainy season), which provides milder conditions for early seedling development. Both species appear to have developed several characteristics that facilitate survival under the adverse conditions found in a degraded area, particularly in the face of nutritional deficiencies. This ability was marked in D. odorata, which did not show extensive development in T1 but still had no mortality.
The values of the percentage of survival for D. odorata in this study were higher than those found by Souza et al. [28] in a 6-year-old mixed plantation in the Manaus region in full sunlight (86%) and shade conditions (83%). This high survival percentage appears to be characteristic of the species because Souza et al. [29] also found 91.7% and 80.6% survival after 3 and 11 years, respectively, in an ecological forest plantation, and Tonini et al. [30] found 92.0% survival after 6 years in a commercial plantation. I. edulis showed survival rates similar to those found by several previous studies. Nichols et al. [31] observed 97% survival of I. edulis interplanted with Terminalia amazonia at 2 years in a mixed plantation in Costa Rica. Santos Junior et al. [4] found that the survival of I. edulis after planting was greater than 95% during the restoration of a degraded area damaged by oilretrieval activity in the Amazon.
Both species and fertilization treatments had significant effects on both absolute growth rate in height (AGR-h) and diameter (AGR-d). Table 2 shows the ANOVA results for the analyzed parameters. A significant effect was observed for all growth parameters for both fertilization and species, and the interaction between the factors was also significant.
D. odorata appeared to show a major growth limitation related to nutritional deficiency (Table 3) , primarily for P because certain nutrients can become unavailable under green fertilization [32] . The growth of I. edulis appears to have been limited by nutritional status as well as by hydric constraints. This limitation is evident from a comparison of the green fertilization with the other treatments. Additionally, I. edulis produced an extensive net of fine roots in the upper soil layer under the green fertilization treatments (unpublished data). This root network may have allowed better water and nutrient absorption, directly affecting the growth of the species, and it is likely that this response represents one of the reasons that T3 and T4 were more effective in I. edulis than in D. odorata. Such responses could represent different strategies developed by distinct successional groups to overcome the limitations imposed by the environmental conditions. The superiority of the initial growth of I. edulis to that of D. odorata can also be explained because I. edulis is a fast-growing species that colonizes altered areas. Despite the high survival percentage found for D. odorata in a forest plantation near the Manaus region, the growth of this species was less than that of most of the native species tested by Souza et al. [29] .
The results of this study are consistent with several published findings for the same species. For D. odorata, Souza et al. [28] observed an increase in height and diameter of 11.6 cm•month −1 and 0.92 mm•month −1 to 6 years of age in a full-sunlight planting with a manure pit. Joslin et al. [27] have found that I. Edulis showed an average growth in height of 22.5 cm•month −1 and 12.5 cm•month −1 with a P and K supply and unfertilized, respectively. These results confirm the nutrient limitation of the species. The growth in height found by Santos Junior et al. [4] 2 months after planting was 5.1 cm•month −1 , less than the value found under most treatments in this study.
CO 2 and Water-Vapor Exchanges
For D. odorata, the P n values were greater in treatments T2 and T3, reaching the highest values in treatment T4 ), which showed values 73% higher than the control (T1) ( Table 4 ). The same was the case for I. edulis, which showed the highest P n values in T4 (20.6 μmol•m −2
•s −1 ), 70% higher than T1. I. edulis presented higher P n values than D. odorata in all fertilization treatments ( Table 4) .
No significant differences among the fertilization treatments were found for R d in D. odorata, which showed values ranging from 0.5 to 1.0 μmol•m −2 •s −1 between T4 and T1, respectively ( •s −1 in T4 with the lowest levels in T1. I. edulis had higher values of E than D. odorata in all treatments ( Table 4) .
Significant effects of fertilization and species were observed for all parameters, but interaction between the factors occurred only for stomatal conductance ( Table 2) .
The high availability of nutrients in the soil in T2, T3 and T4 (Table 3) , especially those nutrients related to the photosynthetic system (N, P, Ca and Mg) [12] , is certain to represent one of the principal causes of the increase in P n for both studied species. Our results also suggest that enhanced photosynthesis may play a role in the increased growth of tree seedlings and the incorporation of high biomass [33] , all of which are of great interest to forest plantations, especially for the restoration of degraded areas [3] [4] [34] .
The decrease of photosynthesis, as observed in T1, may be due to the combination of several stress factors, such as high irradiance and the lower availability and absorption of the essential nutrients for optimal functioning of the photosynthetic apparatus [35] . A nutritional deficiency, especially of N, P and K, has been found to produce a substantial decrease in photosynthetic rates under conditions of high irradiance related to low levels of chlorophyll, low structural integrity of chloroplasts, reduction in stomatal conductance, decreased activity of the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and the transport of photosynthates [9] [36].
Plant respiration may increase under high temperature and irradiance [37] due to the cost of the maintenance of cells, tissues and the photosynthetic apparatus, in addition to the investment in photoprotection mechanisms such as carotenoids [38] . In addition to K, Ca plays an important role in the process of stomatal closure through changes in the concentrations in the cytosol of guard cells in response to external stimuli such as biotic and abiotic stress [12] [39] . This mechanism, also explains the improved acclimation of both study species in the fertilization treatments.
Marenco et al. [37] , working on plantations with tropical species in full-sunlight conditions, determined a value of P n (8. ). Similar values were also found for the other parameters, such as R d , g s and E. Additionally, the high g s and E values observed in the green fertilization treatments (T3 and T4), in particular for I. edulis, support the hypothesis that the improvement of the chemical parameters of the soil may also be accompanied by improvements in physical parameters, especially water availability, obtained via fertilization with fresh plant material [19] .
Chlorophyll a Fluorescence
For F v /F m , the lowest values were found for I. edulis in T1 (0.59) ( Table 4 ). Significant differences between the two species were observed only in T1. The highest values of PI ABS were found for I. edulis in T4 ( Table 4) . The lowest values for the same parameter were observed in T1 for both species (Table 4) .
Significant effects on PI ABS were found for both factors, but no effects were observed in either species for F v /F m ( Table 2) .
The values of F v /F m found for D. odorata in T2, T3 and T4 in our study are similar to those reported by Gonçalves et al. [40] in conditions of full sunlight, by Gonçalves et al. [7] in a mixed stand under contrasting light conditions and by Morais et al. [41] in a 10-year-old mixed forest plantation near the Manaus region. Similar values of F v /F m were found by Santos Junior et al. [4] for I. edulis 2 months after planting during the restoration of a degraded area damaged by oil-retrieval activity in the Amazon. The F v /F m ratio has been used as a stress indicator in many photosynthetic studies [16] [17] [42] .
The performance index (PI ABS ) is a more responsive parameter, having a higher sensitivity than F v /F m alone, because it relates energy trapping and dissipation events and electron transport-efficiency components that appear to be very sensitive to different stresses. This parameter has been very useful for physiological and environmental studies [17] [18] [40] [43] . T4 produced higher values of PI ABS for the two species by improving their nutritional status and, presumably, physical soil properties such as higher soil moisture [19] . The increased nutrient availability in the soil (Table 3 ) may also be responsible for promoting better harvesting and trapping of the energy flux. For I. edulis, PI ABS was 11 times greater in T4 than in T1.
Chloroplast Pigments
For D. odorata, the values of chlorophyll a (Chla) were 0.83 and 1.35 µmol g −1 for T1 and T2, respectively, an increase of 63% ( Table 5 ). The Chla content in I. edulis increased 100% in T4 compared with T1. The same behavior was observed for chlorophyll b (Chlb) in both species ( Table 5) .
The highest concentrations of carotenoids (Car) were found in T3 for D. odorata and in T2 for I. edulis ( Table 5) . D. odorata showed the highest values of the Chl (a + b)/Car ratio in T2 and T4, whereas I. edulis exhibited the best performance for this same parameter in T4.
Significant effects of the fertilization treatments were observed for Chla, Chlb, Car and Chl (a + b), but no differences were found between the species for the same parameters, nor were there interactions between the factors ( Table 2) . Table 5 An increase in the Chla/Chlb ratio results in better energy absorption and may be considered to indicate a decrease in the stress caused by excess irradiance [42] [44] . The lowest values of the Chla/Chlb ratio were found in T1 for both D. odorata and I. edulis. The presence of N, especially in the molecules of chlorophyll and Rubisco, is essential for the full functioning of the photosynthetic apparatus [45] . Mg is an important component of the chlorophyll and primary-ion balance involved in photosynthesis [46] . The increase in the N and Mg supply found in T2, T3 and T4 (Table 3 ) also contributed to the high values of chlorophyll content observed in the fertilization treatments.
Carotenoids are a component of the light-harvesting antenna of the photosystems in the thylakoid membranes and are, thus, essential for the photoprotection of the photosynthetic apparatus [8] [18] . The Chl (a + b)/Car ratio has been used as an indicator of possible photooxidative damage, with the highest values suggesting a better adaptation to high irradiance [47] . As noted above, the highest values of the Chl (a + b)/Car ratio were found in T4 for both species, showing a better adaptation of these species under fertilization.
Conclusion
In terms of the hypothesis tested in this study, our results suggest that the combination of green and chemical fertilization was more effective in improving the photosynthetic performance and the growth of both species during initial establishment in a degraded area than either treatment alone. Finally, as expected, the species I. edulis showed better performance in the fertilization treatments because it is a rapid growing and early successional species.
